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Abstract 
 
The recently discovered noncentrosymmetric superconductor, PdBi, has been prepared as single crystals. As expected from a close 
examination of its crystal structure, Bi-nonstoichiometry in addition to good crystalline cleavage is experimentally confirmed. It is 
found that the Bi-deficiency remarkably increases the residual resistivity ratio (RRR) and significantly degrades both the 
superconducting transition temperature and the upper critical field. The results clearly indicate that the superconductivity in PdBi is 
quite sensitive to the Bi-deficiency, and it should be taken into account for the examination of unconventional superconducting state, 
if any, in the PdBi compound. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
 
Anomalous Cooper pairing in the spin-split band (i.e. singlet/triplet mixed pairing) has been expected for a 
superconductor having a noncentrosymmetric crystal structure and strong spin-orbit coupling. In search of such an 
unconventional superconducting state, several materials such as CePt3Si [1-4], Li2(Pd1-xPtx)3B [5-7], Mo3Al2C [8], 
LaNiC2 [9], and UIr [10] have been developed and intensively investigated. Recently, one more material, PdBi, has 
been added to the list of the noncentrosymmetric superconductors [11]. It has a monoclinic structure without inversion 
symmetry (space group P21) and becomes superconducting below 3.8 K. Interestingly, in addition to multiple 
superconducting gaps (indicative of the mixed pairing), it was reported that the presence of a zero bias conductance 
peak (indicative of a topological superconducting state) was observed by point contact Andreev reflection 
measurements [12]. The topological superconductivity is predicted to stem from strong spin-orbit coupling, and is one 
of the hottest emerging topics in condensed matter physics [13, 14].  
As similar to Ref.[11], when the crystal structure of PdBi is drawn with the bonds between the neighboring Pd and 
Bi atoms (Fig. 1(a)), it is hard to find the noncentrosymmetric feature of this material. By examining the crystal 
structure of PdBi in detail, we have found that this compound can be regarded as a stack of Bi-Pd-Pd-Bi quadruple 
layers, in which the shortest Pd-Pd bonds form zigzag frameworks (Fig. 1(b)). As is clearer in Fig. 1(c), the Pd-Pd 
framework is slightly displaced from the center of a quadruple layer, indicating that there is an appreciable electric 
field gradient perpendicular to the layers (along the b-axis). Also suggested is that there is a cleavage plane between 
the quadruple layers. Furthermore, if the viewpoint that the Bi atoms occupy the vacancy sites of the Pd-Pd zigzag 
frameworks, Bi-nonstoichiometry (i.e. deficiency) would be anticipated in this material.  
In this study, large single crystals of PdBi have been successfully grown by a modified Bridgman technique. The 
obtained crystals show good cleavage along the ac-planes as suggested from the weak bonding between Bi-Bi layers. 
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In addition, the Bi-deficiency as large as ~20% has been confirmed. It is found that the Bi-nonstoichiometry 
significantly influences both the normal and superconducting properties, indicating that the Bi-deficiency is an 
important parameter to examine the noncentrosymmetric superconducting states in the PdBi compound.  
 
 
Fig. 1. Crystal structure of PdBi. (a) Bonds are drawn between the neighboring Pd and Bi atoms, as similar to Ref.[11].  
(b) The shortest Pd-Pd bonds (< 2.87Å) are only shown. (c) A perspective view of the (-1 0 1) plane. 
 
 
2. Experimental 
 
Single crystals of PdBi were grown by a modified Bridgman technique. Pd and Bi were mixed at a molar ratio of 
1 : 1-xs, where the xs was changed from 0.0 up to 0.2. The mixture was sealed in an evacuated quartz tube. Using a 
two-zone furnace, it was heated up to 900 C, kept for 20 h. Then, the temperature gradient of 150  was produced 
across the quartz tube by adjusting the two heating zones. Keeping the temperature gradient, both zones were cooled 
down at a rate of 4.5 /h down to room temperature. The crystal structures were characterized by x-ray diffraction 
(XRD) with Cu-K radiation by using a Bruker D2 PHASER diffractometer equipped with a LynxEye 1D-detector. 
The chemical composition of the single crystal was determined by x-ray fluorescence (XRF) using an x-ray analytical 
microscope (XGT-5100, HORIBA). The electrical resistivity was measured by a standard four probe method using a 
physical property measurement system (Quantum Design, PPMS) under magnetic fields parallel to the b-axis. 
Magnetic susceptibility measurements were performed using a superconducting quantum interference device (SQUID) 
magnetometer (Quantum Design, MPMS).  
 
 
3. Results and discussion 
 
Up to the starting composition of xs ~ 0.1, sizable single crystals of PdBi were successfully grown. As for xs > 0.1, 
the product tended to become an ingot composed of polycrystals. The obtained single crystals had good cleavage, 
producing flat surfaces of ~ 2 × 2 mm2, as shown in the inset of Fig. 2. An XRD pattern from the cleaved surface of 
the obtained PdBi single crystal is shown in Fig. 2. The observed peaks were only from the (0k0) reflections, 
indicating that the cleavage plane is the ac-plane. This is in good agreement with the weak bonding between Bi-Bi 
layers as predicted from the crystal structure shown in Fig. 1(c). The chemical composition of the obtained samples 
was determined by XRF, and the actual Bi-deficiency x was always larger than the starting composition xs. The largest 
Bi-deficiency x amounted to 0.22.  
 
 
Fig. 2. X-ray diffraction pattern from the cleaved surface of a PdBi single crystal. The inset shows the grown single crystals. 
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In the following, the normal and superconducting states are examined in PdBi with two different amounts of Bi-
deficiency, x = 0.07 and 0.22. The temperature dependence of the ac-plane resistivity in single crystals of PdBi1-x is 
shown in Fig. 3(a). The resistivity at room temperature was 67 cm for x = 0.07 and 160 cm for x = 0.22, 
respectively. In order to see the effect of Bi-deficiency on the normal state, resistivity was normalized at 300 K. The 
both samples exhibit a metallic behavior. Upon decreasing temperature, the difference of the normalized resistivity 
between x = 0.07 and 0.22 became larger. Therefore, the corresponding residual resistivity ratio (RRR), defined as 
(300 K)/ (4 K), was substantially dependent on the Bi-deficiency: RRR = 64 for x = 0.07 and RRR = 2.12 for x = 
0.22, respectively. The inset of Fig. 3(a) shows the resistivity at low temperature, which is normalized at 4 K. The 
onset superconducting transition temperatures in the x = 0.07 and 0.22 crystals were 3.5 K and 2.5K, respectively.  
Fig. 3(b) shows the temperature dependence of magnetic susceptibility of zero-field-cooled (ZFC) and field-cooled 
(FC) at 20 Oe in PdBi1-x single crystals. The transition temperatures, as the onset of the superconducting diamagnetism, 
were 3.5 K for x = 0.07 and 2.4 K for x = 0.22, which are in good agreement with the resistivity measurements. Both 
in the resistivity and magnetic susceptibility measurements, the x = 0.07 crystal had a sharp superconducting transition 
with a transition width ( Tc) less than 0.15 K, whereas it became broader in the x = 0.22 crystal ( Tc ~ 0.5K). This 
suggests that the superconductivity becomes significantly weaker and/or there is Bi vacancy disorder to a certain 
extent in the x = 0.22 crystal.  
 
 
Fig. 3. (a) Temperature dependence of the ac-plane resistivity ac normalized at 300 K. Inset shows resistivity, which is 
normalized at 4 K, around the superconducting transition. b  temperature dependence of magnetic susceptibility of zero-
field-cooled (ZFC) and field-cooled (FC) at 20 Oe in PdBi1-x single crystals.  
 
 
To estimate the upper critical field, the temperature dependence of the ac-plane resistivity under various magnetic 
fields (0.00 ~ 0.45 T) parallel to the b-axis (i.e. perpendicular to the plane) was measured (Figs. 4(a) and (b)). With 
increasing magnetic fields, the superconducting transitions shifted to the lower temperature in the both samples, and 
the transition width appeared to get broader. Above the 0.5 T of magnetic field, the superconducting state completely 
disappeared in the x = 0.07 crystal, whereas 0.25 T was enough to kill the superconductivity in the x = 0.22 crystal.  
Fig. 4(c) summarizes the temperature dependence of the upper critical fields Hc2 in the PdBi1-x crystals, where the 
transition temperatures under the magnetic fields were defined by the 95% of the normal state resistivity just above Tc. 
Using the Werthamer-Helfand-Hohenberg (WHH) theory in the dirty limit for type superconductors [15], Hc2 at 
absolute zero can be estimated as Hc2(0) = 0.69 Tc |dHc2/dT |T = Tc. From this relation, we obtained Hc2(0) ~ 0.69 T for 
the x = 0.07 crystal and Hc2(0) ~ 0.46 T for the x = 0.22 crystal, respectively. While the ac-plane anisotropy may exists 
in the PdBi compound, it would be useful, at this point, to estimate the average in-plane coherence length by using 
Hc2(0) = 0/2 (0)2, where 0 = 2.07 × 109 OeÅ2. The thus obtained values were  (0) ~ 21.8 nm for x = 0.07 and (0) 
~ 26.9 nm for x = 0.22, respectively.  
The analysis of the temperature dependence of Hc2 will give a clue to whether or not there is an anomalous Cooper 
pairing in the noncentrosymmetric superconductivity. Therefore, we tried to fit the data to the WHH model, which are 
the dashed lines in Fig. 4(c). In the low temperature region, the deviation of the x = 0.07 data from the WHH model 
seemed to be increasing, and a linear fit appeared to better express the observed behavior. Nevertheless, the more data 
in the lower temperature region below 1.8 K is definitely necessary to establish whether the temperature dependence 
of Hc2 is really unusual or not. In any case, this study clearly indicates the importance of the Bi-nonstoichiometry for 
the detailed examination of the superconducting state in this compound.  
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Fig. 4. The temperature dependence of the ac-plane resistivity under various magnetic fields (0.00 ~ 0.45 T) in PdBi1-x with 
(a) x = 0.07 and (b) 0.22. (c) The temperature dependence of the upper critical field Hc2 in PdBi1-x (x = 0.07, 0.22). Dashed 
lines and solid lines are the WHH-fit and the linear-fit to the data, respectively.  
 
 
4. Conclusions 
 
By examining the crystal structure of the noncentrosymmetric superconductor PdBi in detail, we found that this 
compound can be regarded as a stack of Bi-Pd-Pd-Bi quadruple layers, in which the shortest Pd-Pd bonds form zigzag 
frameworks. In the successfully grown single crystals by the modified Bridgman technique, Bi-nonstoichiometry 
(deficiency) as well as good cleavage between the quadruple layers, as expected from the structural model, was 
experimentally confirmed. The degree of Bi-deficiency was found to have significant impacts on both the normal and 
superconducting states. The results strongly indicate the importance of the Bi-nonstoichiometry for the detailed 
examination of the noncentrosymmetric superconductivity in the PdBi compound.  
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